INTRODUCTION
As design professionals focus on thermal load reduction in commercial buildings, lighting looms as the single largest energy consumer in these buildings. Daylighting is presently being proposed as one of the most pro-1 mising energy conservation strategies for reducing these lighting loads.
Although substantial savings in both electrical energy and peak power demand exist, it is not obvious that projected savings can be achieved given the present state of daylighting design procedures. The major obstacle in the utilization of daylighting is the lack of accurate and simple procedures for daylighting analysis.
Present procedures for calculating the effects of daylight can be 2 divided into two categories: simplified procedures (e.g., lumen method) which often make assumptions which can result in questionable accuracy, 3 and computer programs {e.g., Lumen II daylighting program) which although highly accurate, require the preparation of detailed input data and access to time-sharing computer facilities. Therefore, it became necessary that a procedure be developed for calculating daylight which is highly accurate and yet not dependent on a computer environment. This objective can now be achieved with the aid of a programmable hand calculator.
Numerous procedures for calculating illumination from natural sources 4 have been discussed in the literature. However~ none of these procedures have been introduced into a programmable hand calculator. The proposed procedure utilizes the daylight factor method, which is able to calculate daylight illumination at any point within a room. The procedure presented in this paper was developed specifically for the Texas Instruments TI-59 calculator, however with some minor modifications this procedure can be extended to other programmable hand calculators (e.g., HP-67).
-2-THE DAYLIGHT FACTOR METHOD The daylight factor method, which is recommended by the CIE (Commission Internationale de l'Eclairage), is used in Europe, particularly in Britain where the method was first developed. Today, the daylight factor is defined as the ratio between the daylight illumination at a point in the interior and the simultaneous exterior illumination available on a horizontal surface from an unobstructed sky (excluding direct sunlight) expressed as a percentage. The light reaching the point being considered is separated into three paths The sky component is the ratio between the daylight illumination at a point in the interior which is received directly from the sky and the simultaneous exterior illumination available on a horizontal surface from an unobstructed sky.
Overcast Sky:
The sky component from an overcast sky is a function of the sky luminance, the window transmission, the solid angle (sin9d9df) and the cosine correction (cos9) for the projection onto the horizontal plane.
Here e,f are the standard polar angles; 9 equals the angle from the zenith (9fi90°-altitude) and f equals the azimuthal angle. For convenience we set The illumination through a window is then divided by the illumination on a horizontal plane which is the integral of equation (1) times the cosine correction over the hemisphere. This integral has been done analytically and is equal to ~/9 L(O).
The window transmission correction for angle of incidence loss must also be considered. Rivero's approximation for angle of incidence loss is 6 used, which is given by the following formula: .It, f (see Figure 2 ) so that the limits of the integral are independent and are given by:
which gives the following angular relationships;
cos9 "" cosA co sf /x ~ The integral is derived from equations (1), (2) This normalization factor has been integrated numerically and is documented in Table 1 . Fits for the clear sky normalization factors are presented, for user convenience, in Tables A and B.
As in the overcast sky program the integration is done over a rectangular coordinate system by an integral derived from equations (2), (4) and the previously presented angular relationships& The integral is given as follows:
sc .. The internally reflected component is the ratio between the daylight illumination at a point in the interior which is received after being interrefleeted off interior surfaces and the simultaneous exterior illumination available on a horizontal surface from an unobstructed sky. Presently there are two approaches for calculating the internally reflected component, the split flux method and the more accurate finite difference method. The approach that will be used here is the split flux method, the simpler of the two.
The split flux method divides the light entering the room into two parts (see Figure 3) , light received directly from the sky and that received directly from the ground. The light from the sky on entering the room is considered to be modified by the average reflectance of the floor and those parts of the walls below the mid-height of the window. The light from the ground is considered to be modified by the average reflectance of the ceiling and those parts of the walls above the mid-height of the window. The internally reflected component from an overcast sky is determined by equation (6) . The various window (transmittance and area) and room (surface areas and reflectances for walls, ceiling and floor) conditions are determined from the design, while the window factors are determined as follows; f 8 from Table 2 for various angles of obstructions, and fg by multiplying the reflectances of ground surface (Rg) by the ground configuration factor (Gcf) which is always 0.5 for a horizontal ground plane.
The various values are then entered into the IRC program which calculates the average internally reflected component for the entire room.
Clear Sky:
The internally reflected component from a clear sky is also determined by equation (6) . However, because direct solar illumination is contributing illumination to the ground, fs and fg are calculated differently. The window factors for fs have been precalculated and are documented in Table 3 for various window orientations and solar altitudes, while fg is determined as follows:
where E sun ~ Illumination from the sun (from Figure 37A in the Recommended Practice of Daylighting) E k • Illumination from the sky (from Figure 36B The external conditions for these examples assumed the following para- reference points (It should be pointed out that for a room of this size, 4 to 9 reference points would be sufficient for daylighting analysis).
However the designer does not need to be present for the calculation phase if a PC-100 printer is used. The results of the sky component program are presented in Table 4 .
The externally reflected component was omitted because no ohstructions are present.
The internally reflected component pro~ram too~ apuroximatelv 4 minutes for data entry and another minute to calculate the average IRC.
-11-The daylight factor was then determined by adding the calculated internally reflected component of 2.6% to the 49 sky component values.
Finally~ the daylight factors are multiplied by the horizontal illumination available from an unobstructed overcast sky (1268 footcandles) in order to determine the daylight illumination incident on the reference points. The daylight illumination for the 49 reference points are presented in Table 5 .
A Lumen II daylighting analysis was then performed utilizing the same parameters as was assumed in the programmable hand calculator procedure. The daylighting illumination for the 49 reference points are presented in Table 6 .
The percent difference between the Programmable Hand Calculator Procedure and Lumen II were calculated and are presented in Table 7 . From Table 7 it can be observed that except for the 7 reference points in the row along the window (which can be explained by the fact that Lumen II does not correct for angle of incidence losses), the Programmable Hand Table 8 . Finally, the daylight factors are multiplied by the horizontal illumination available from an unobstructed clear sky (1374 footcandles) in order to determine the daylight illumination incident on the reference points. The daylight illumination for the 49 reference points are presented in Table 9 .
A Lumen II daylighting analysis was then performed utilizing the same parameters as was assumed in the programmable hand calculator procedure.
The daylighting illumination for the 49 reference points are presented in Table 10 .
The percent difference between the Programmable Hand Calculator Procedure and Lumen II were calculated and are presented in Table 11 . From Table 11 it can be observed that except for 8 reference points in the rear corner of the room and again for the reference points along the window the (average) error* = 0.3%. Maximum error* = 12.9% at 6 4 "" goo. ¢ "" oo.
Root-mean square (average) error* = 2.8%.
= (6-6 -45 )/45 where e-6 = solar altitude in degrees. Y = cos(¢) where ¢ = window azimuth from sun.
*The numerical evaluations of N 4 c and f-6 are presumed to be accurate to -0.01%. The quoted errors are the errors of the fit relative to these numerical estimates.
-22- Maximum error*= 0.3% at 8~ = 0°. Root-mean square (average) error* = 0.1%. 2.1% at e-6 "" 90°~ ¢"" 0°.
(average) error* = 0.6%. .057687
*The numerical evaluations of N-6C and f-6 are presumed to be accurate to -0.01%. The quoted errors are the errors of the fit relative to these numerical estimates.
-23-2.5 1 x2.5' grid for points of analysis ************************************** PROGRAMMABLE HAND CALCULATOR PROCEDURE ************************************* ************************************** PROGRAMMABLE HAND CALCULATOR PROCEDURE ************************************** Table 6 , ****************************** LUMEN II DAYLIGHTING ANALYSIS ****************************** ********************************************************** PERCENT DIFFERENCE BETWEEN PROPOSED PROCEDURE AND LUMEN II ********************************************************** 2.5 * .9 -7.8 .3 -9.1 -8.5 -7.8 -7.9
-28- Table 8 .
************************************** PROGRAMMABLE HAND CALCULATOR PROCEDURE ************************************** ************************************** PROGRAMMABLE HAND CALCULATOR PROCEDURE ************************************** 
